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Summary
The role of arbuscular mycorrhizal fungi (AMF) in 
supporting tree nutrition has been recognized for many 
species, including grapes. This study aimed at deter-
mining whether AMF contribute to nitrogen (N) uptake 
by grapevines using 15N-enriched fertilizer to follow N 
transfer from the soil to the plant. Grapevines ['Ne-
ro'/'SO4'], grown in sand for 10 weeks, were divided into 
three fertilization treatments: (1) unlabeled NH4NO3; (2) 
15NH415NO3 provided to root; (3) 15NH415NO3 provided to 
hyphae. The latter was obtained by splitting the pots in 
two compartments by a net impenetrable to roots, and 
adding the fertilizer only where AMF hyphae could de-
velop. The vines were excavated and dry matter, total N 
and 15N concentration of each organ determined. Root 
AMF colonization (RLC) was evaluated on fresh roots. 
The nitrogen derived from fertilizer (Ndff) was calculated 
from the excess of 15N respect to its natural abundance. 
Total biomass growth (~37 g/vine) and RLC (38 % on 
average) were not statistically different among the three 
treatments. 15N was mostly allocated to roots, shoots and 
leaves, while trunks were only barely enriched. The vines 
receiving N directly to roots had higher N concentration 
and total N than vines relying on AMF, however the 
amount of Ndff, roughly 500 µg·vine-1, was not different 
between the two treatments. These results indicate that 
vines growing in the compartmentalized pots might have 
had an initial shortage of N due to not fully developed 
AMF. Once the hyphal compartment was colonized, AMF 
contributed to N translocation to vines, as demonstrated 
by the same amount of Ndff found in the two treatments. 
Although preliminary, this study demonstrates the 
potentially important role of AMF to mineral nitrogen 
nutrition of grapevines and calls for further studies in 
pot and in the field. 
K e y  w o r d s :  AMF; root colonization; stable isotopes; pot 
experiment; 15N-enriched fertilizer; mineral nutrition.
Introduction
Arbuscular mycorrhizal fungi (AMF) are symbiont with 
most terrestrial plant species, including crops such as grape-
vine (Holland et al. 2013, likar et al. 2013, TrouveloT 
et al. 2015). In adequate environmental conditions, AMF 
obtain carbon from the plant while the fungus transfers nu-
trients and water to the plant (SmiTH et al. 2010). The transfer 
occurs through structures created by the AMF within the 
root cell cytoplasm. Simultaneously, mycorrhizal extra-rad-
ical hyphae spread out of the root surface and explore the 
surrounding soil to penetrate sites that roots are unable to 
reach, greatly expanding the potential of nutrient and water 
uptake (Gianinazzi et al. 2010). AMF symbiosis has been 
especially studied in relation to the uptake of phosphorous; 
however, its role in the uptake, translocation and transfer 
to the plant of nitrogen is also well established (HodGe and 
STorer 2015). 
Grapevines do not need a particularly high supply of 
nitrogen (N) (marenGHi 2005); however, a correct balance 
of N supply is necessary in grapevines to avoid dispropor-
tionate vegetative growth and the production of an excessive 
number of berries that generally translates into a low quality 
product (meTay et al. 2015). Especially in wine grape, ni-
trogen fertilization is particularly important to maintain a 
proper level of yeast assimilable nitrogen (YAN) to ensure 
a good quality of the final product (PallioTTi et al. 2015). 
It is well established that arbuscular mycorrhizal fungi 
absorb ammonium (HawkinS and GeorGe 2001). However, 
there are indications that nitrogen is not transferred from the 
extra-radical mycelium to the intra-radical mycelium in this 
form, but it is first incorporated in the amino acid arginine, 
one of the molecule classified as YAN (Tian et al. 2010). 
Although it was believed that arginine must be back-con-
verted in NH4
+ before being transferred to roots (Jin et al. 
2005), recent evidences show that AM colonization might 
improve the uptake of certain amino acids, among which 
arginine, by colonized plants (wHiTeSide et al. 2012). The 
contribution of AM fungi to the nutrition of grapevines 
might therefore not only be related to the general nutrient 
status of the plant as demonstrated for other species, but 
may also contribute to the optimal ripening of grape berries 
(karaGiannidiS et al. 2007). 
One of the most interesting techniques to study nitrogen 
uptake and transfer, also coupled to the action of mycor-
rhizal fungi, is the application of 15N-enriched nitrogen. 
Compounds that are known to be absorbed by roots and by 
mycorrhizal hyphae, such as ammonium nitrate, urea and 
amino acids, can be obtained with nitrogen containing a 
concentration of 15N higher than at its natural abundance, 
which is 0.3663 atom %. This enrichment allows to easily 
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follow the fate of the nitrogen introduced into the system. 
Using labeled glycine, ammonium and nitrate, for example, 
GalleT-Budynek et al. (2009) demonstrated that glycine 
constitutes a relevant source of nitrogen for temperate 
ecosystem forests in the USA, especially those dominated 
by oak, beech and hemlock. More recently, Tomè et al. 
(2015) used double-labeled ammonium nitrate to evaluate 
the uptake of nitrogen by arbuscular mycorrhizal fungi 
and its transfer to the associated strawberry plants in a pot 
experiment. A similar approach had been previously used 
by cHenG and BaumGarTner (2004, 2006) to demonstrate 
the transfer of nitrogen from cover crops to the associated 
grapevine mediated by arbuscular mycorrhizal fungi. To my 
knowledge, no work has been done on the use of 15N-labe-
led ammonium nitrate to the study of nitrogen uptake by 
mycorrhizal fungi and its transfer to associated grapevines. 
This system should provide a useful tool to study mineral 
nutrition of grapevines and could be further implemented 
by using different sources of nitrogen, such as amino acids. 
The aim of this work was to determine the uptake of 
mineral nitrogen through the external hyphae of arbuscular 
mycorrhizal fungi and to compare it with the direct uptake 
through roots. To distinguish between the nitrogen already 
present in the substrate-plant system, a mineral fertilizer 
enriched in the 15N was provided, namely 15NH4
15NO3. To 
separate extra-radical mycorrhizal hyphae, pots were split 
in two compartments by a mesh net allowing the growth of 
hyphae, but not that of roots. 
Material and Methods
E x p e r i m e n t a l  s e t u p :  One-year-old grape-
vines of the cultivar 'Nero' grafted on an 'SO4' rootstock 
were obtained from a commercial nursery (Wineplant 
Ltd., Bolzano-Bozen). On August 11, 2015, the vines were 
transplanted into pots made as described below. Three 
plants were destructed the day of transplantation to evalu-
ate the time 0 status of the vines. Vines were separated in 
three treatments, described below, named "15N-to-hyphae", 
"15N-to-roots" and "control" and excavated on October 21. 
Vines were randomly assigned to the treatments. In total, 
there were 7 vines in the 15N-to-hyphae treatment; 3 in the 
15N-to-roots treatment and 4 in the control pots. The differ-
ent number of vines per treatment was due to a technical 
problem in the climatic chamber, which caused the death of 
some plants just after the transplanting. 
The pots were plastic boxes 266 mm large, 368 mm long 
and 264 mm deep (suppl. Fig. 1). In the pots allocated to 
the treatment 15N-to-hyphae, a mesh net was installed so to 
divide the pot in two compartments, one double as large as 
the other. In the bigger compartment, a vine was transplant-
ed. The mesh had openings of 50 µm, which allowed the 
growth of mycorrhizal hyphae into the smaller compartment, 
but blocked the growth of vine roots. The pots allocated to 
the treatment 15N-to-roots and those of the control were not 
provided with the mesh. The pots were filled with sand that 
was pre-washed with hydrochloric acid (9 M HCl) until a 
pH of roughly 6.5, the optimal conditions for plant growth. 
Sand was then thoroughly washed with tap water to elim-
inate HCl excess. 
The vines were left during the experimental period in 
a climatic chamber. The day/night regime was adjusted to 
14/10 h and directed by twelve OSRAM Fluora (58W/77) 
fluorescent lamps, which were set parallel at 1.18 m distance 
to the pots. Within the day period, the temperature was kept 
constant at 24 °C and the relative humidity at 70 %, while 
during the night period temperature decreased to 19 °C 
whereas the relative humidity remained at 70 % via a cen-
trifugal humidifier (Carel, HumiDisk65).
The vines were fertilized with the Hoagland solution 
whose general 1x composition is 2.3 mmol·L-1 (CaNO3)2, 
1.7 mmol·L-1  K2SO4, 0.5 mmol·L
-1 MgSO4 · 7H2O, 
0.1 mmol·L-1 KH2PO4, 20 μmol·L
-1 Fe-EDTA, 1 mmol·L-1 
NH4NO3, 1.75 μmol·L
-1 CuSO4, 12 μmol·L
-1 H3BO3, 
0.75 μmol·L-1 H3MoO4 · H2O, 20 μmol·L
-1 MnCl2 · 4H2O, 
8 μmol·L-1 ZnSO4 · 7H2O; pH is adjusted to 5.5 with HCl. 
The pots allocated to the treatment 15N-to-roots and those 
of the control received a 2x Hoagland solution daily for the 
first 3 weeks and a 0.25x solution for the next 5.5 weeks. 
The pots allocated to the treatment 15N-to-hyphae received 
the 2x Hoagland solution daily for the first 3 weeks in the 
big compartment, then the 0.25x Hoagland solution was 
delivered daily to both compartments, then for 10 days the 
0.25x Hoagland solution was delivered daily only to the 
small compartment.
On October 10, 2015, a solution of either double 15N la-
beled (final label was 0.802 ± 0.112 atom %) or unlabeled 
ammonium nitrate (NH4NO3) was prepared to provide 
each plant with 30 mg of labeled N. The pots allocated to 
the treatment 15N-to-roots received the 15N labeled solution 
homogeneously distributed over the sand surface. The 
pots allocated to the treatment 15N-to-hyphae received the 
15N labeled solution in the small compartment, where roots 
were not allowed to grow. The pots allocated to the control 
received the unlabeled solution homogeneously distributed 
over the sand surface.
No other fertilizer was added to plants before the final 
harvest. During the experimental period, each vine received 
a total of 850 mg of N, 110 mg of P and 230 mg of S. Soil 
humidity was checked weekly with a Theta probe (AT Del-
ta-T Devices, Cambridge, UK) at a depth of 10 cm and kept 
constant throughout the experimental period by adding an 
appropriate amount of water. 
S a m p l e  c o l l e c t i o n  a n d  b i o m a s s  a n a l y -
s i s :  Plants sampled at transplanting and at the end of the 
experiment were divided in leaves, shoots, trunk and roots 
(suppl. Fig. 2). No flowers or fruits developed during the 
experimental period. The sand from the two compartments 
was also collected. At the final harvest, only roots grown 
outside the block of nursery substrate were cleaned and 
measured, assuming that no new growth occurred within 
the old substrate. Since both at transplanting and at the final 
harvest, all roots had a diameter below 2 mm, no further 
subdivision of root type was made. The whole root biomass 
was washed under tap water, mixed, and a subsample of 
roughly a forth was transferred to plastic tubes containing 
distilled water to evaluate the mycorrhization degree. All 
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organs were weighted fresh and transferred to a ventilated 
oven kept at 65 °C until constant weight was reached. Total 
root dry weight was estimated from the fresh and dry weight 
of the subsample put in the oven. 
M y c o r r h i z a t i o n  i n d e x :  Mycorrhizal coloni-
zation of roots was evaluated by using a modified staining 
methodology (PHilliPS and Hayman 1970) consisting in 
softening them in 2.5 % (w/v) potassium hydroxide (KOH) 
in a water bath at 95 °C for 30 min. Roots were then cleared 
with 3 % hydrogen peroxide for 20 min, stained for 3 min 
at 80 °C with a solution of 5 % blue ink (Pelikan, 4001) and 
5 % acetic acid, flushed with 5 % acetic acid for 20 min at 
room temperature and fixed in 85 % lactic acid. Once stained, 
50 root pieces of 1 cm each were laid on a microscope slide 
and the presence of mycorrhizal structures (either vesicles 
or arbuscules) was counted under an optical microscope at 
a 40x magnification (Leica DMLS, Leica Microsystems 
Wetzlar GmbH). The mycorrhization index is given as 
percentage of the total counted root pieces (TrouveloT et 
al. 1986).
T o t a l  a n d  l a b e l e d  n i t r o g e n  a n a l y s i s 
a n d  c a l c u l a t i o n s :  All dried samples, including 
sand samples, were ground to a fine powder with a ball 
mill (Retsch), weighted in tin cups and analyzed for total 
N and 15N using an Elemental Analyzer (EA, Flash 2000, 
Thermo Scientific) coupled with a Continuous Flow Isotope 
Ratio Mass Spectrometer (CF-IRMS, Delta V Advantage, 
Thermo Scientific). The isotopic values of 15N abundance 
are expressed as atom % relative to Air (HayeS 2004).
The total N (Ntot in mg) contained in an organ was 
calculated multiplying the concentration of N (N%) of that 
organ by its dry weight. The total N contained in the vines 
was calculated as the sum of the N contained in each organ. 
The 15N excess (atom %) in the plants was calculated 
subtracting the natural 15N abundance of vine organs grown 
in the control pots from the 15N abundance of the respec-
tive organs from the vines fertilized with the 15N-enriched 
fertilizer. 
The nitrogen derived from fertilizer (Ndff) in tree organs 
was calculated as follows:
Method 2: the absorbed nitrogen was calculated as the 
difference between the N contained in the individual organs 
of the harvested plants on October 21 and the average of 
N contained in the individual organs of harvested plants on 
August 17.
The advantage of the first method is that it minimizes 
the error by avoiding calculations using mean values; the 
advantage of the second method is that it provides the 
amount of N allocated to each individual organ. The results 
were comparable, although Method 1 results were system-
atically higher by 25 % on average than the results given 
by method 2. The values reported in the Result section are 
the average between the two methods. 
S t a t i s t i c a l  a n a l y s i s :  Statistical analysis was 
performed using StatGraphics Centurion XV and the R 
software (r core Team 2014). Normality of data was tested 
with Shapiro-Wilk test and homoscedasticy of variance with 
Levene's test. Biomass, total N and 15N in sand data were 
analyzed using the analysis of variance (ANOVA) with the 
Bonferroni procedure as post-hoc test to discriminate among 
different means. Mycorrhization index, 15N excess in the 
vines and Ndff data were analysed using the Kruskal-Wallis 
test followed by the Dunn test. Data are reported in tables 
as average ± standard error.
Results 
B i o m a s s :  At transplanting, the fresh weight of 
vines ranged between 450 and 870 g including the nursery 
substrate. The three excavated vines had a total dry weight of 
26.5 ± 1.3 g of which 21 % were of leaves including petiole, 
17 % shoots, 53 % above- and below-ground woody parts 
and 9 % roots (Tab. 1). At harvest, the total dry weight was 
on average 63.4 ± 2.1 g of which 21 % were leaves including 
petiole, 22 % shoots, 38 % above- and below-ground woody 
parts and 19 % roots. No statistical differences between 
vines allocated to the different treatments were found. The 
mycorrhization index was relatively variable (Tab. 1) and 
no statistical difference was detected between vines in the 
three fertilization treatments.  
T o t a l  a n d  1 5 N  l a b e l e d  n i t r o g e n :  The 
concentration of N in vine organs was not different from 
the beginning to the end of the experiment. Only roots of 
the 15N-to-roots treatment had a significantly higher N con-
centration than the roots in the other vines. The weighted 
average N concentration for the whole harvested vines at 
transplanting was 1.48 ± 0.10 % (Tab. 2). The total nitro-
gen content of whole vines was higher at harvest than at 
transplanting (Tab. 3). Shoots and roots contained a higher 
amount of N at harvest than at transplanting, while the N 
content of leaves was statistically higher only in the 15N-to-
roots vines. Only a small amount of N was allocated to the 
trunk so that no significant difference was detected between 
the end and the beginning of the experiment. No differences 
in the amount of N contained in vine organs was detected 
among plants belonging to different treatments at the end of 
the experiment (Tab. 3). The weighted average of 15N excess 
in vines was higher in the vines treated with 15N than those 
The total amount of Ndff found in vines was calculated 
as the sum of the Ndff in the individual organs of each vine. 
Because of its low and extremely variable values, the trunk 
was excluded from the calculation of the total.
The total nitrogen absorbed during the growing season 
was estimated using two methods:
Method 1: the total dry weight of the transplanted plant 
was estimated from their diameter using a relationship 
built on the three plants that were harvested on August 17, 
2015; the total N of the transplanted plants was estimated 
by multiplying the estimated dry weight by the weighted 
average concentration of the three harvested plants; the 
absorbed nitrogen was calculated as the difference between 
the total N contained in the plant at harvest on October 21 
and the estimated total N contained in transplanted plants 
on August 17.
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of control, but there was no difference between the two 
groups treated with labeled fertilizer (Fig. 1). In particular, 
leaves and shoots appeared to be particularly enriched in 
15N, while in roots the standard error was very high and 
likely hindered the differences between treatments (Tab. 4). 
The 15N excess of the trunk was not statistically different 
irrespective to treatment.
The total amount of N derived from the fertilizer (Ndff) 
found in the vines treated with the labeled N was the same 
whether the fertilizer was provided to roots (treatment 
15N-to-roots) or to hyphae (treatment 15N-to-hyphae) (Fig. 2). 
As expected, leaves and shoots clearly allocated the labe-
led N, while in roots the wide experimental error hindered 
possible differences (Tab. 5). Trunks clearly did not contain 
any Ndff. The concentration of N in the sand was very low 
(0.034 ± 0.004 % on average), as it solely derived from the 
fertilizer (data not reported). In the treatment 15N-to-hyphae, 
the abundance of 15N of sand was significantly higher in 
the hyphal compartment than in the root compartment, and 
this one was not statistical different from the 15N abundance 
detected in the sand of treatment 15N-to-roots and of the 
control (Fig. 3).
T a b l e  1
Biomass of vines (g·vine-1) at transplanting and at the final harvest and mycorrhization index at transplanting. 
Data are reported as average ± standard error
Leaves Shoots Trunk Roots Total Mycorhization index (%)
At transplanting   5.6 ± 0.8b   4.6 ± 0.2b 14.0 ± 0.5   2.3 ± 0.2b 26.5 ± 1.3b N.A.
At harvest control 12.7 ± 1.6a 13.8 ± 0.7a 24.3 ± 4.0 11.1 ± 1.5a 61.8 ± 5.4a 32 ± 9
15N-to-roots 13.4 ± 1.0a 14.0 ± 1.4a 25.0 ± 2.8 12.2 ± 2.0a 64.6 ± 5.2a 51 ± 12
15N-to-hyphae 13.2 ± 0.5a 14.1 ± 0.7a 23.9 ± 2.1 12.5 ± 1.2a 63.7 ± 1.6a 36 ± 3
p-value 0.0015 0.0001 n.s. 0.004 0.0001 n.s.
N.A. = not analyzed; n.s. = not significant for p < 0.05.
T a b l e  2
Nitrogen concentration (%) in vine organs at transplanting and at the final harvest. 
Data are reported as average ± standard error
Leaves Shoots Trunk Roots
At transplanting 1.98 ± 0.38 1.34 ± 0.06 1.07 ± 0.21 1.45 ± 0.08b
At harvest control 2.39 ± 0.33 1.09 ± 0.08 0.95 ± 0.17 1.45 ± 0.08b
15N-to-roots 2.72 ± 0.35 1.67 ± 0.54 1.29 ± 0.45 2.03 ± 0.43a
15N-to-hyphae 2.02 ± 0.20 1.01 ± 0.08 0.95 ± 0.09 1.26 ± 0.06b
p-value n.s. n.s. n.s. 0.04
n.s. = not significant for p < 0.05.
T a b l e  3
Total nitrogen in vine organs (mg·vine-1) at transplanting and at the final harvest. 
Data are reported as average ± standard error
Leaves Shoots Trunk Roots Total
At transplanting 113.1 ± 29.6b   61.0 ± 3.1b 183.6 ±   2.3   33.6 ±   4.2b   391.4 ±   30.9b
At harvest control 312.4 ± 78.5ab 150.5 ± 14.8a 221.8 ± 39.3 159.4 ± 23.5a   844.2 ±   72.5a
15N-to-roots 364.0 ± 46.7a 227.5 ± 78.5a 292.8 ± 65.4 230.5 ± 42.8a 1114.9 ± 194.6a
15N-to-hyphae 265.4 ± 25.0ab 141.8 ± 13.7a 224.7 ± 26.4 155.6 ± 13.5a   787.5 ±   23.2a
p-value 0.0338 0.0009 n.s. 0.0009 0.0007
n.s. = not significant for p < 0.05.
Fig. 1: Weighted average of 15N excess (atom %) of the whole vines. 
The thick horizontal bars indicate the median while the empty 
points indicate the average; the box goes from the 25 % to the 
75 % percentile and the hinges of the whiskers indicate 1.5 times 
the inter-quartile range.
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T a b l e  4
15N excess (atom %) in vine organs at the final harvest. 
Data are reported as average ± standard error
Leaves Shoots Trunk Roots
At harvest control 0.00 ± 0.00 b 0.00 ± 0.00 b -0.21 ± 0.11 0.01 ± 0.01
15N-to-roots 0.07 ± 0.03 a 0.06 ± 0.06 a 0.01 ± 0.03 0.08 ± 0.07
15N-to-hyphae 0.07 ± 0.02 a 0.09 ± 0.03 a -0.07 ± 0.06 0.14 ± 0.06
p-value 0.07 0.03 n.s. n.s.
n.s. = not significant for p < 0.05.
T a b l e  5
Nitrogen derived from fertilizer (Ndff, µg·vine
-1) in vine organs at the final harvest. 
Data are reported as average ± standard error
Leaves Shoots Trunk Roots
At harvest control -5.6 ± 12 b -3.6 ± 3.5 b -546.4 ± 309.8 14.8 ± 12.0
15N-to-roots 248.8 ± 124.3 a 68.2 ± 70.2 a -7.2 ± 74.2 159.9 ± 132.5
15N-to-hyphae 182.7 ± 63.2 a 147.0 ± 53.1 a -187.3 ± 159.1 252.7 ± 119.8
p-value 0.03 0.04 n.s. n.s.
n.s. = not significant for p < 0.05.
Fig. 2: Total N derived from the labeled fertilizer (Ndff). The thick 
horizontal bars indicate the median while the empty points indicate 
the average; the box goes from the 25 % to the 75 % percentile 
and the hinges of the whiskers indicate 1.5 times the inter-quartile 
range.
Fig. 3: 15N abundance (atom %) in the sand contained in the dif-
ferent pot compartments. The thick horizontal bars indicate the 
median while the empty points indicate the average; the box goes 
from the 25 % to the 75 % percentile and the hinges of the whiskers 
indicate 1.5 times the inter-quartile. 
Discussion
This paper reports a preliminary study aiming at un-
derstanding whether the experimental setting would be 
proper (aim 1) to quantify the contribution of arbuscular 
mycorrhizal hyphae to the uptake of N and its transfer to 
grapevines (aim 2). In fact, although similar techniques have 
been previously used with other plant species (Tomè et al. 
2015), it has been rarely used for grapevines (cHenG and 
BaumGarTner 2004, 2006). 
A p p r o p r i a t e n e s s  o f  t h e  e x p e r i m e n t a l 
s e t  u p :  There are essentially two main concerns related 
to this experimental setting. The first is the efficacy of the 
mesh net to stop the growth of grape roots and to allow that 
of mycorrhizal hyphae. In this experiment, AMF were indeed 
present in relatively high, though highly variable, amounts, 
as demonstrated by the index of mycorrhization. It is true, 
though, that the amount of mycorrhizal fungi found in roots 
does not necessarily relate to the extent of the extra-radical 
mycelia (JakoBSen 1995, van aarle and olSSon 2003). 
This is probably true even in this experiment, as no direct 
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relationship was found between the mycorrhization index 
and the amount of Ndff found in the vines (data not shown). 
However, the labeled N was effectively transferred from 
the hyphal compartment to the vine. This transfer can be 
due to vine roots growing in the other side of the net, to 
cross-contamination among pots of different treatments, to 
abiotic transfer or to mycorrhizal hyphae grown through the 
mesh net. The growth of vine roots through the mesh net 
was visually excluded at harvest when no roots were found 
in the hyphal compartment. The relatively big diameter of 
grape roots (anderSon et al. 2003) and the fact that mesh 
nets with the same diameter have already been used (Tomè 
et al. 2015, Tomè et al. 2016) support the reliability of this 
observation. Cross-contamination was excluded because the 
weighted average of 15N in vines in the control plots was 
not statistically different from the weighted average of 15N 
vines excavated at transplanting, i.e. before any plant was 
in contact with labeled fertilizer (data not shown). 
The abiotic transfer of mineral nitrogen, especially 
nitrate (NO3
-), through the net to the root compartment is 
the second main concern of this technique. To minimize 
this effect, several actions were undertaken. The pots were 
slightly slanting so that the hyphal compartment receiving 
the labeled N was always lower than the root compartment. 
In this way, possible leaching would move away from the 
root compartment instead of towards it. In addition, the risk 
of leaching was kept as low as possible by adding a minimum 
amount of irrigation water. Finally, the labeled fertilizer was 
added only at the end of the experiment and the vines were 
exposed to it for a mere 10 days, enough to be absorbed by 
vines, but short enough to minimize undesired side effects. 
In addition, no further fertilizer was added after the addition 
of the label N to stimulate its uptake. The efficacy of these 
measures is supported by the fact that no 15N in excess above 
the natural abundance was found in the sand of the root 
compartment in the 15N-to-hyphae treatment pots. 
C o n t r i b u t i o n  o f  a r b u s c u l a r  m y c o r -
r h i z a l  h y p h a e  t o  t h e  u p t a k e  o f  N  a n d  t o 
i t s  t r a n s f e r  t o  g r a p e v i n e s :  According to these 
premises, the 15N excess found in vines of the 15N-to-hy-
phae treatment was transferred through the mycorrhizal 
network from the sand in the hyphal compartment to the 
plant. Therefore, in this work arbuscular mycorrhizal hy-
phae appear to substantially contribute to N uptake, with 
the same magnitude of roots. This result contrasts with that 
reported by cHenG and BaumGarTner (2006) who reported 
a low contribution of extra-radical hyphae to N uptake in a 
field experiment. The authors suggest that their result could 
reflect the fact that their vines were regularly fertilized. On 
the contrary, the level of fertilization in this experiment was 
kept as low as possible precisely to stimulate mycorrhizal 
development (cHenG et al. 2008). 
A surprising result was that the amount of N absorbed 
and transferred to the vine was not statistically different 
whether supplied to mycorrhizal hyphae or to roots, which 
necessarily bear mycorrhizal structures inside the root 
(arbuscules and vesicles) and extruding from the root 
(extra-radical hyphae). In fact, the expected result would 
have been a higher uptake from roots and their associated 
mycorrhizal structures than from extra-radical mycorrhizal 
hyphae alone. This result might be explained by a root sys-
tem not particularly healthy and therefore not prone to absorb 
nutrients, as suggested by cHenG and BaumGarTner (2006), 
due to an inappropriate substrate (pure sand). This explana-
tion, however, is not supported by the visual verification at 
harvest of the good health of the whole plant and of the root 
system in particular. Alternatively, roots might have been 
perfectly functioning and might have absorbed the amount 
of N necessary to the plant without any contribution from 
mycorrhizae when the nutrient was supplied directly to roots. 
A third alternative might be a downregulation of N uptake 
from roots in presence of active mycorrhizal symbiosis, as it 
has been demonstrated for phosphate uptake, although there 
are no direct proofs that this applies also to N (BückinG and 
kaFle 2015). The data obtained from this experiment were 
not sufficient to distinguish among these hypotheses; to this 
aim, further experiments should be performed. 
On average, the vines absorbed a good 50 % of the N 
given as fertilizer. Similar values are reported by williamS 
(2015), up to 40 %, but with much higher available N (25 g 
N per vine respect to 0.85 g N per vine in this experiment). 
In this case, since the substrate was washed sand, the ferti-
lizer was the only source of nitrogen, fact that might justify 
the relatively high fertilizer use efficiency. Nonetheless, the 
amount of Ndff represented a very low portion of the total N 
contained in the vines' biomass, 0.1 % on average, with no 
statistical difference between 15N-to-roots and 15N-to-hyphae 
plants. However, there is indication of a different allocation 
of the Ndff whether absorbed from roots or from hyphae. In 
particular, root-absorbed N was all allocated to leaves and 
scarcely to shoots. On the contrary, the hyphal-absorbed N 
was equally allocated to shoots and leaves. In both treat-
ments, between 30 and 40 % of Ndff remained in the roots, 
while no Ndff was allocated to trunk. 
F i n a l  r e m a r k s :  This work was meant to be a 
preliminary experiment to test the opportunity to use vines 
grown in pots to study the role of arbuscular mycorrhizal 
fungi on grapevines mineral nutrition. The experiment 
highlighted some criticism that must be taken into account 
in future experiments. First, this experiment lacked of any 
control of AMF. The substrate was pure sand, likely free of 
AMF propagules also because of the initial acid wash. How-
ever, the roots of the vines were already colonized from the 
nursery and it was not possible to know if they were naturally 
colonized or if this was the result of an artificial inoculum. 
This meant to work with highly variable colonization, which 
most likely determined the high variability of 15N in vine 
organs. In addition, there was no knowledge on the species 
present in the pots, which might have also contributed to 
the high variability of the results. The absence of a negative 
control, on the contrary, is an educated choice, due to the 
knowledge that no vine growing in soils will ever experience 
a lack of colonization (SmiTH et al. 2011). Experiments with 
completely non-colonized roots, therefore, produce data 
that are important to understand the basic physiological 
mechanisms, but are not transferable to field conditions. 
Another limit of this experiment is the use of only 
young plants, whose results might not be applicable to older 
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vines. There is no real contraindication to use old plants 
with this experimental setting, except the dimension of the 
pots and of the site to keep them, as it occurs for any pot 
experiment. This last aspect also limited the time allowed 
for this experiment, since roots rapidly colonized the whole 
volume allowed. For bigger trees and longer experiments, 
it is therefore necessary to consider bigger pots to leave 
enough space for root growth. 
Despite these critical points that must be carefully con-
sidered when planning similar experiments, the technique 
allowed to detect the uptake of 15N labeled ammonium nitrate 
by vines through roots and through mycorrhizal hyphae even 
though it was given in little amounts and for a short time 
span. Plans for the future include the use of different nitro-
gen forms and of artificial mycorrhizal inocula with known 
composition, in addition to field experiments allowing to 
verify the results of this experiment in productive vineyards. 
Conclusions
The results presented in this paper confirm the role of 
arbuscular mycorrhizal fungi in nitrogen uptake – specifi-
cally NH4NO3 – and transfer to grapevine. This knowledge 
is already established for many species, but the data related 
to Vitis vinifera are scarce. In addition, the technique applied 
here proved to be applicable also to a woody plant, although 
young, since most of the reports published up to now con-
sider herbaceous species. This paper therefore provides 
agronomic and technical support to further studies aiming 
at understanding the strict and pivotal relationship between 
grapevine roots and arbuscular mycorrhizal fungi. 
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